A new temperature sensor based on asymmetry in dual circular core photonic crystal fiber (ADCPCF) is proposed where both the cores infiltrate by chloroform. To analyze the temperature dependent propagation characteristics, the thermo-optic coefficient of chloroform and silica is used. The asymmetry of the dual-core is confirmed by using the core radius of 1.615 and 1.45 µm, respectively. In the proposed design, the essential optical properties such as effective refractive index difference (birefringence), coupling length, and transmission spectra are determined by employing the finite element method (FEM) with the perfectly matched layer (PML). The effective refractive index of the chloroform varies with temperature within a certain range. Moreover, with the increase of every 1 °C temperature the effective index difference enhances to almost 4%. Also, with the reduction of every 100 nm wavelength the birefringence decrease to 0.125×10 -3 and 0.092×10 -3 for 35 and 30 °C temperature, respectively. The Numeric analysis shows the maximum sensitivity of 49.80 nm/°C at 1.61 mm fiber length for 2.9 µm lattice pitch with 2.25 µm air-hole diameter. Furthermore, every 1 °C temperature increment, the proposed ADCPCF exhibits approximately 16% increases of sensitivity than the existing result. In addition, the proposed ADCPCF reveals that the guiding properties like coupling length, birefringence, and transmission spectra are wavelength and temperature reliance. 
Introduction
Photonic crystal fibers (PCF) have been investigated widely for their special structure and unique properties like endless single mode, tailoring zero dispersion, enhanced birefringence, and large effective mode area [1, 2] . PCF is also called holey fibers (HF) or microstructure optical fibers (MOF), which has huge potential for various uses in the telecommunication data transmission devices. In addition, it has a significant impact on the traditional sensor industry. PCFs have the ability to control the light into the fiber, which was not possible earlier. They have shown extensive concentration recently due to its scope of applications in manipulating the modal properties [3] . Moreover, there are many investigators who show interest in designing highly developed sensors where the air-holes are filled with polymer, oil, gas, liquid, and liquid crystal [4] [5] [6] . These PCF based sensors have unique properties, difficulties, and design flexibility. However, it is expected that these difficulties are overcome gradually [7] . Optical temperature sensors have been shown a large amount of curiosity nowadays due to high sensitivity, linearity, and stability. A significant attention has been given to develop efficient temperature sensor using PCF with different types of configuration. Liu et al. [8] reported an ultrahigh birefringence index-guiding PCF temperature sensor which showed 11 and 11.2 pm/°C sensitivity on behalf of the fast and slow axis, respectively. Choi et al. proposed hollow core PCF to calculate the temperature and refractive index which illustrated the sensitivity of 8.9 and 14.6 nm/°C at low and high temperature, correspondingly [9] . In 2014, Xie recommended temperature based droplet fiber which demonstrated the sensitivity of -3.102 nm/°C with reasonable cost [10] . Recently, Ayyanar reported asymmetric dual elliptical core photonic crystal fiber (DECPCF) which exhibited the sensitivity of 42.99 nm/°C [1] . The main theme of this work was to increase the sensitivity at low distance over the wide spectrum window. For this, it is measured in nm/°C. However, the fabrication complexity is increased due to the elliptical shape.
To improve the sensitivity and temperature sensing range of a sensor, unusual materials can be used to PCF fabrication like Telluride, Chalcogenide glasses, and liquid materials [11] [12] [13] [14] [15] . Recently, it is observed that liquid core PCFs show a large variation of refractive index depending on temperature [1] . Therefore, the development of liquid core PCFs will increase the temperature sensing ability. It is reported that PCFbased temperature sensor where the coupling is done between liquid core and defect mode has the sensitivity of Several research groups have been reported different mechanisms for the temperature sensor to increase the sensitivity with small fiber length. In this report, to increase the sensitivity of asymmetric DCPCF (ADCPCF) sensor, adjust the two circular center core radius and either lattice pitch or air hole diameter is varied. To obtain high sensitive compact temperature sensor, the liquid, which has high-temperature sensitivity is the key requirement for the liquid filled PCF. Among the several liquids, chloroform emerges as a potential candidate for the development of liquid filled PCFs, as their refractive index is highly dependent on temperature. Moreover, chloroform is shown broad transmission window from near-infrared (NIR) to midinfrared (MIR) regime, which can be used to detect the temperature range. In the proposed model, the optical properties like effective refractive index difference, coupling length, and transmission spectra are found by using the finite element method (FEM) through perfectly matched layer (PML).
Materials and Methods

Modeling of ADCPCF
In the proposed design, the dual-core circular PCF is considered where both the core is filled with chloroform. To examine the performance of temperature sensor, a circular core with asymmetric diameter is used due to increase the effective refractive index difference. As a result, it influences the coupling length and transmission spectrum when compared to symmetrical DCPCF. The transmission studies are carried out numerically for various temperature. In addition, the proposed structure is optimized by adjusting the diameter and pitch of the air-holes. Moreover, the coupling between core modes is demonstrated in the proposed design. The refractive index of chloroform is changed with temperature. Furthermore, a certain temperature range can be detected by measuring the transmission spectra and thus the accurate ambient temperature can be obtained. From the transmission spectrum, the compact temperature sensor is constructed and its sensitivity is determined. The structure parameters of proposed ADCPCF is shown in Table 1 . The cross-section of the proposed ADCPCF is shown in Fig. 1 . The air-holes distribution in the cladding region is a hexagonal pattern. Furthermore, 5.8 µm inter-core separation is chosen. The holes of cladding are filled up with air and the background material of cladding is made up of silica. Moreover, both of the dual-cores and air-holes are circular formed which confirm easier fabrication. However, fabrication of liquid core PCFs is already done by applying capillary forces or pressure and careful filling techniques [21-23]. 
Theoretical Background
For chloroform, variation of refractive index as a function of wavelength at a temperature of 20 °C can be given [24], where λ represents wavelength of the propagating light. Using eqs. (1), the refractive index of other temperature can be calculated by
where ! !, ! is the refractive index of chloroform at a particular wavelength λ for the desired temperature T. ∆T is the difference between the desired temperature.
Also, at 20 °C,
gives the rate of variation of refractive index as a function of temperature and takes the value of -7.9×10 -4 K -1 for chloroform [1] . The liquid chloroform has very high non-linearity and the refractive index almost equal to that of silica. The background material of the fiber is fused silica whose dispersion relationship corresponding to temperature can be written by the Sellmeier equation [25] The existing forms of silica are crystalline and amorphous. If the arrangement of silica is ordered, the form is crystalline. In the amorphous form, silica is not in a specific form. Continuous heating and slow cooling is required to form crystalline silica. If the cooling is too fast, molecules of silica cannot rearrange in the role of bonds. Then the form of the silica will be amorphous. The melting temperature of silica is about 167 °C.
The coupling length of x and y-polarization can be calculated by the formula as follows [1] .
The coupling modes inside the dual core PCF can be calculated by two even modes and two odd modes, which are also called super modes. The four basic
! are observed in the proposed liquid filled ADCPCF. Their field distribution is shown as Fig. 2 . The effective index difference between the super modes of x and y-polarization can be calculated by
which is also called birefringence, B = !! !" . In order to find the temperature of the environment through PCF, the intensity variation of pulse propagation is calculated. According to the mode coupling theory, the optical power transfer from one core to another along the proposed ADCPCF can be calculated by [25]
where L is the length of the proposed ADCPCF. Thus, calculating the transfer optical power in the second core with a fixed length according to output power equation when the light is injected into core of the proposed PCF. The transmittance can be given by [1]
where P !" is assumed as maximum power of P !"# . The sensitivity of the proposed sensor can be measured through the move of peak wavelength for changing temperature. The sensitivity can be defined as
where ! ! is the peak wavelength.
Results and Discussion
The coupling length, transmission spectra, and sensitivity of the proposed structure are investigated by the way of calculating the effective refractive index of the coupling modes. The four basic modes
! of the designed liquid filled ADCPCF are computed. The effective index difference between the super modes of x and y-polarization is calculated by Eq. (5). The variation of effective index difference of super mode with respect to wavelength for x and ypolarization from 30 to 35 °C is shown in Fig. 3 . In  Fig. 2 , the electric field distribution of the proposed ADCPCF is presented. The arrow indicates the direction of electric field of even and odd mode for x and ypolarization. Fig. 3 shows that when the wavelength is increased the effective refractive index difference is decreased for all temperatures. Also, with the increase of the temperature the effective refractive index difference is shown raising. The solid and dashed line indicate the effective index difference of super-modes for x and ypolarization, accordingly. This index difference is also J of Biomedical Photonics & Eng 4 (3) 30 Sep 2018 © J-BPE 030302-5 called birefringence which has great impact on polarization maintaining. At 1.55 µm wavelength and 30 °C temperature, the index difference Δ! is 1.62×10 -3 and 1.63×10 -3 for x and y-polarization, respectively. At the same wavelength increasing the temperature from 30 to 35 °C, the index difference is increased to 2.02×10 -3 and 2.03×10 -3 for the similar polarization. Since increasing temperature presents higher index difference it influences the coupling length and transmission spectrum. Moreover, with the increase of every 1 °C temperature, the effective index difference is increased to almost 4%. Again, with the reduction of every 100 nm wavelength the index difference or birefringence is decreased to 0.125×10 -3 and 0.092×10 -3 for 35 and 30 °C temperature, respectively. Therefore, high temperature shows maximum index difference or birefringence. Moreover, y-polarization demonstrates more birefringence than x due to higher effective refractive index. Coupling length illustrates the lowest value at which the light is easily transferred from one core to another one. Coupling length of ADCPCF is calculated for temperature range 30 to 35 °C. The temperature dependent coupling length as a function of wavelength for x and y-polarization are plotted in Fig. 4 . Coupling length is increased from 0.35 to 0.57 mm when the wavelength is increased from 1300 to 1700 nm. Moreover, with the increase of the temperature the coupling length is decreased due to increase of the effective index difference as shown in Fig. 3 . At 1.3 µm wavelength and x polarization, 0.35 mm coupling length is reduced to 0.28 mm for increasing the temperature 30 to 35 °C. The rate of this reduction is 4% for every 1 °C. However, at 1.55 µm wavelength the reduction rate is observed 4.3% for similar consideration. The related inclination is also observed for y-polarization. To propose PCF for temperature sensor, the attenuation of coupling length by temperature introduces an intense PCF sensor. Therefore, it is concluded that coupling length depends on temperature and wavelength. Also, the decrease of coupling length by asymmetric PCF arrangement will be prospective research on a powerful sensor. The transmission spectrum of the proposed ADCPCF is calculated from Eq. (7). Fiber length is important for calculating the transmission spectrum. Moreover, Longer PCFs have extra affable to temperature sense [11] . Qiang et al. used 1 mm fiber length [25] . Therefore, the length of the proposed ADCPCF fiber is taken 1.61 mm. It is observed that the dip of the transmittance of this asymmetric structure is increased when the temperature is increased. Also, it is shown that a position of six dip wavelengths for xpolarization at 1399, 1448, 1498, 1547, 1597, and 1646 nm by their consequent temperature from 30 to 35 °C. Therefore, the total wavelength shift is calculated as 249 nm in ADCPCF as shown in Fig. 5 . The numeric analysis represents the dip of the wavelength transfer linearly with temperature from 30 to 35 °C, that is applied for temperature sensing purposes. However, the proposed ADCPCF shows higher wavelength shift comparing to existing report [1] .
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30 Sep 2018 © J-BPE 030302-6 Fig. 7 demonstrates the comparison of wavelength shift of the proposed ADCPCF to DECPCF [1] . The temperature range is considered from 30 to 34 °C. Result shows the maximum wavelength shift is found for y-polarization. Moreover, with the increase of temperature the wavelength shift is raised for both the models. Furthermore, the proposed ADCPCF represents wavelength shift 49.8 nm for y-polarization whereas the existing DECPCF shows 42.99 nm. Therefore, for every 1 °C temperature increment, the proposed ADCPCF represents almost 16% increasing of wavelength shift compare to DECPCF. Fig. 7 Wavelength shift of the transmission spectrum for proposed ADCPCF and DECPCF [1] . Temperature range is 30 to 34 °C.
The sensitivity of the proposed sensor can be measured by the transfer of the peak wavelength for the variation of temperature. The computed wavelength transfers of the transmission spectrum for each 1 °C raising of temperature from 30 °C in the proposed ADCPCF. To achieve maximum sensitivity with a short distance, optimize the diameter and pitch of the air holes in the cladding. As the air filling factor increases by large air hole diameter and lower pitch value in the cladding, as a consequence tight confinement of light is shown into the core. So, the air-hole diameter is considered from 2 to 2.26 µm and pitch value is fixed at 2.9 µm as shown in Fig. 8 . The general tendency of the figure is that increasing air hole diameter, the sensitivity is raised due to increase of the fill fraction. When air hole diameter is considered to 2 µm then sensitivity for x and y-polarization are observed 41.95 and 42 nm/°C with 1.61 mm fiber length. Moreover, the maximum sensitivity for x and y-polarization are observed 49.55 and 49.80 nm/°C at the same fiber length when this diameter is considered 2.26 µm. Therefore, for all cases sensitivity for x and y-polarization are linearly increased. However, y-polarization has shown more sensitivity than x due to the effective mode indexes, which are more efficient for y-polarization. Thus, when air-hole diameter is increased, sensitivity for ypolarization are more efficient than x-polarization. Moreover, the proposed ADCPCF shows 16% increase of sensitivity comparing to the exiting result [1] . In order to optimize the pitch value, the value is increased from 2.9 to 3.1 µm with 0.1 µm step size while air-hole diameter is fixed at 2.26 µm as shown in Figure. 9. When pitch value is considered to 2.9 µm then sensitivity for x and y-polarization are shown 49.60 and 49.80 nm/°C with 1.61 mm fiber length. Increasing the pitch value to 3.1 µm then sensitivity of x and ypolarization are reduced to 39.80 and 40 nm/°C, respectively. Noted that with the increase of the pitch value, sensitivity is decreased for both x and ypolarization. This is due to the propagation modes, which are not effective by increasing the air-hoes distance. As a result, light scattering is increased in the fiber. Thus, the proposed PCF structure is a novel compact temperature sensor depend on asymmetric circular core diameter with sensitivity of 49.80 nm/°C at 1.61 mm, which is much higher than any temperaturebased asymmetric ADCPCF sensor. In Table 2 , the comparison is shown of different temperature sensor based on PCF to the proposed ADCPCF model. Nevertheless, the negative sensitivity value demonstrates the symmetric arrangement of PCFs.
Conclusion
In this report, a high sensitive compact temperature sensor using liquid filled PCF is proposed. Chloroform, which is a temperature-sensitive liquid is inserted into the dual circular core of the proposed ADCPCF. Typically, the asymmetric procedure is illustrated by suitably changing the radius in one of the cores of ADCPCF to enhance the sensitivity. The thermo-optic coefficient of chloroform and silica is utilized to calculate the temperature sensitivity. Moreover, the sensitivity of temperature in the proposed ADCPCF is analyzed through calculation of coupling length and transmission spectrum. In addition, the highest sensitivity is achieved by optimizing the diameter and lattice pitch of the air-holes. The proposed novel temperature sensor based on asymmetric circular diameter shows the high sensitivity of 49.80 nm/°C at 1.61 mm fiber length. This is the highest sensitivity using ADCPCF based temperature sensor. Furthermore, the proposed temperature sensor illustrates the guiding properties is temperature and wavelength dependence. The most important benefit of the proposed PCF based temperature sensor is simple to fabricate by applying the current fabrication procedures.
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